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"MARS-3": PRESSURES AND ALTITUDES

BASED ON THE RESULTS OF CO 2 ALTIMETRY

L. V. Ksanfomaliti, V. I. Moroz,
B. S. Kunashev, and V. S. Zhegulev

Institute of Space Research,
USSR Academy of Sciences, Moscow

1. Introduction /3*

It was considered for a long time that the surface of Mars

was smoother than those of the moon and the Earth. It has be-

come clear in recent years that this classidal point of view is

far from true. Many craters, tremendous volcanic cones and

gigantic fractures have been found on Mars. The shape of the

planet differs considerably from equilibrium. The difference in

altitude between the highest and lowest regions reaches 20 km.

Quantitative information on the macrorelief of Mars was first

obtained in 1967, by means of ground pulse radar [1]. It has been

significantly supplemented since that time. Five methods have

been used:

1. Pulse radar [2-5];

2. Determination of the local radius in a radi§il occulta.

tion experiment [6-37];

3. Measurement of intensity of absorption in the CO 2 infra-

red bands, with high spatial resolution (from ground ob-

servations [8-10] and measurements from spacecraft [11-

13]);

4. Determination of atmospheric pressure in a radio occul-

tation experiment [6.,-14];

5. Determination of the optical thickness of the atmosphere

* Numbers in the margin indicate pagination in the foreign text.
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in the near ultraviolet region, with high spatial reso-

lution [15-17].

The first two methods give the distance from the center of /4

mass, and the remaining three, the altitude above a certain equi-

potential surface. Method (1) is the most accurate; in individual

cases, the distance error amounts to a few tens of meters; how-

ever, its use is limited to the zone close to the equator, from

-230 to +230, with only a few narrow bands having been examined

in this zone up to now. Methods((2) and (4) permit data to be ob-

tained only for a selected number of points, by the number of

occultations observed. It was over 100 in the case of Mariner-9;

however, this is too few for an isohypse map. Finally, Methods

(3) and (5) are the least accurate, their error being on the order

of ±1 km, but then, they permit study of extensive sections of the

planet. At least four maps have been compiled by these methods,

giving surface isohypses, with averaging from 5 to 100 in a zone

from approximately -600 to +200 [6,10,12,17]. Two of them, com-

piled from the results of IR and UV spectroscopy on Mariner-9 [13,

17], demonstrate better mutual agreement, and they obviously merit

the greatest trust.

A photometer, specially intended for determination of the

pressure and altitude profiles on the surface of the planet from

the CO 2 band intensity, was installed on the Soviet "Mars-2" and

"Mars-3" orbital spacecraft. The results obtained on "Mars-3"

have been published in part previously [12,18,19]; a more com-

plete presentation of them and some analyses are given here.

2. Method, Instruments, Calibration

The concept of the method is as follows. In formation of

molecular bands in the reflected radiation spectrum, their inten-

sity depends on the total amount of absorbing matter in the visual

pathway, i.e., in the sun-point observed-instrument path. This

quantity in vertical incidence and reflection is proportional /5

2



to the total pressure and, in the general case, it also is a func-

tion of the angles of incidence and F@eBletion. Uid'erretherwise:

equal conditions, the higher region will be characterized by less

intense absorption bands and vice versa. Conversion of intensity

into pressure is accomplished in a quite direct manner, if scatter-

ing in the atmosphere can be disregarded.

In the normal state of the Martian atmosphere (excepting per-

iods of dust storms), its optical scattering thickness is neg-

ligibly small in the X > lym region of the spectrum. At the same

time, carbon dioxide, of which the atmosphere mainly consists, has

quite strong absorption bands here, which are convenient fdrddeter-

mination of relative altitudes. In observations from Earth, bands

of moderate intensity have been used (about 1.05 and 1.6 Am [8-10]),

since interference on the part of terrestrial C02 has less effect

in this case. In observations from orbit, it is more advantageous

to use the stronger group of bands at around 2mm. The first deter-

minations of relative pressures and altitudes, using the 2 gm CO2

band, were carried out on the American spacecraft Mariner-6 and

Mariner-71[ll]. On Mars-3, the spectral region around 2Mm also

was used for CO 2 altimetry (as we will call this method subse-

quently, for brevity). This region (see Fig. 1) contains three

strong bands (04I, 1201 and 200I) and many weak ones, hot and

isotopic ones.

The strong bands consist of saturated rotational lines. The

equivalent width of an isolated, saturated rotational line equals

J /(3 (1)

where u is the amount of gas absorbed in cm.atm, s is the integral

coefficient of absorption in the line at 1 cm.atm, Pe is the ef- /6

fective pressure in atm (mean suspended amount of C02 in the

visual path; in an exponential atmosphere, it equals half the

pressure at the surface Po; see [20]), Ao is the Lorentz width

of the line under normal conditions (pressure 1 atm and tempera-

ture 293 0 K), and Te is the effective temperature of the atmosphere.
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If it is assumed that the relative CO 2 content is 100 percent,

u = PHM (2)
o o

where H is the scale height at T = 2730 K, M is the air mass, equal

approximately to a plane stratified atmosphere

M 1 1 (3)
1A 2

where Ai is the cosine of the angle of incidence and A2 is the co-

sine of the angle of reflection.

Using (2), (1) can be presented in the form

The equivalent band width

,,vb = (i ). "(5)

where W is the equivalent width of the strongest line in the band.

Coefficient f(T) plays the part of effective number of lines in

the band.

In a similar manner, for a laboratory cuvett of length ),

filled with CO2 at pressure Pt and temperature Tj , we have

-- (, ') -(6)

and

Jbe 0Sfpll; , (7)

If identical equivalent band widths are obtained in the spec-

trum of Mars and in the laboratory, we have
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where

The quantities f(T), S'and C depend on temperature. Moreover, /

they also are functions of pressure, although very slightly.

For deteriination of the relative aititudes, only the relative

pressure in various sections of the planet are essential. 
Altitude

difference AZI2 between sections 1 and 2, with pressures P1 and

P2' respectively, equal

Z," =H _# ren[ ( M2. )'/(Te)/ (10)

where P and P are the laboratory pressures corresponding to
12

the same equivalent widths as in the Mars spectrum and Tel and

Te2 are the atmospheric temperatures above sections 1 and 2.

For determination of the CO 2 band intensity at various points

on the planet, a photometer with interference filters was used in

the Mars-3 orbital spacecraft. Its optical system is presented in

Fig. 2. Cassegrain lenses R1 and R 2 (diameter 40 mm, aperture

ratio 1:15) focuses the radiation from the planet on two sulphur-

lead photoresistors P1 and P2. The beam is divided by means of

rotating mirror modulator M. One of the photoresistors P1 records

radiation only in a continuous spectrum, and it serves as a sensor

of the automatic gain regulation system, eliminating dependence of

the instrument output signal on brightness of the planet over a

wide range. Interference filter Fl, at wavelength 2.2pm, is in-

stalled in front of this photoresistor. Filters F 2-F 6 , four of

which are in the CO band region and the fifth in a continuous

spectrum, are engaged sequentially in front of the 
second photore-

.sistor. The ratio of the readings with -filters in the CO 2 band to

the readings with the 2.2Am filter are a measure of the equivalent
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width of the 2.05pmbband and the laboratory calibrations connected

with it. The width of the filters is about 200 A at the 0.5 level.

Transmission of the filters as a function of wavelength is given

in Fig. 1.

The field of view of the instrument is 0.01 radians (15 km at

a distance of 1500 km); however, the measurements are averaged

over a larger area, since the actual processing procedure consisted /8

of averaging the readings of four successive turns, taking up

12 sec, in the course of which the spacecraft travels about 50 km.

These groups are recorded at 36 sec intervals, which corresponds

to approximately 150 km next to the pericenter.

In processing, there was a ratio of the readings with each

filter to the reading with the 2.2pm filter: 2/6, 3/6, 4/6 and

5/6. A correlation curve was then plotted between the 4/6 (or 2/6;

filters 4 and 2 distinguished the region of the spectrum next to

the center of the 2.05Am and 2.01Mm bands, respectively) and the

remaining three filters. All readings were converted to the 4/6

(or 2/6) system by this correlation curve, and they were the aver-

age of four values in one rotation of the disk. The average values

of fbur turns were then determined and the root mean error of this

latter value was calculated. The equivalent width was connected to

the reading ratio by a dependence of the type

w = a(b - x),

where x is the reading ratio, corrected to the 4/6 system, x - b

as W - 0. Constants a and b were determined from the laboratory

calibrations.

The photometer was rigidly fastened to the spacecraft hull,

and its orientation in a constant direction during the measurements

usually was provided by the spacecraft sun-star orientation system.

Upon approaching the pericenter of the orbit, it was turned on, to-

gether with other instruments of the astrophysical set, a few min-

utesebefore crossing the limb, by a special optical sensor. The
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optical axis usually crossed the planet along a. line, which was

close to a great circle, and passage from limb to limb took about

30 minutes. In the future, we will call the track of the optical

axis on the surface of the planet the measurement course. Accord-

ing to preliminary estimates, the accuracy with which the measure-

ment course is determined is 1-2 degrees in areographic coordi-

nates.

The period of rotation of Mars-3 is about 12 days. Seven /9

measurement courses accomplished by this spacecraft are shown in

Fig. 3. The distance at the pericenter to the surface of Mars

changes somewhat as the orbit evolves, and it was approximately

from 1000 to 1500 km during this period. The first three passages,

15 December 1971, 27 December 1971 and 9 January 1972, occurred

during the time of a dust storm and during the period it died away,

and the remaining, after the end of the dust storm. In December,

January and February, the measurement courses corresponding to

successive dates of passage of the periares..shifted relative to

one another by approximately 900 in longitude. As a result, con-

siderable sections of the 3 February 1972, 16 February 1972 and

28 February 1972 courses pass close to the 15 December 1971, 27
December 1971 and 9 January 1972 courses, and we have measurements

for the same regions of Mars, obtained during the time of the storm

(more precisely, during its last stages) and after the storm. The

12 March 1972 course, for a number of reasons, still has not been

successfully tied to the surface with a sufficient degree of re-

liability, and its position, designated in Fig. 3, should be con-

sidered to be approximate.

The measurements were essentially of a complex nature. Sim-

ultaneously with the CO2 altimetry, measurements of the brightness

of the reflected solar radiation, sufface temperature and H20 con-

tent in the atmosphere were carried out along the same courses

[12,18,19,21-24].
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3. Measurement Results

The equivalent widths of the 2.05Am CO2 band, measured along

six measurement courses of Mars-3 are presented in Figs. 4-9. They

are given as functions of Moscow time, but the areographic coordi-

nates, tying the measurements to the surface, also are plotted

along the abscissa. The root mean air mass is given in this same

series of graphs. In the first approximation, the equivalent width

is directly proportional to the pressure at the surface and to the /10

root mean air mass.

At constant pressure, change in equivalent width along a cou(r'

course will be determined by the air mass. The latter increases

sharply close to the beginning and end of a course, and the be-

havior of the equivalent widths can serve here, to a certain extent,

as a control of the correctness of the results. In particular, if

the atmosphere is saturated with dust, as occurred during the dust

storm period, the pattern of change in equivalent width close to

the edge will be completely different. If the absorption band is

formed in clouds, its equivalent width does not increase, but it

decreases with increase in air mass. This is observed in the 27
December course and in the northern (located near the equator) sec-

tions of the 15 December and 9 January courses.

Therefore, to produce any conclusions as to the relief with

a sufficient degree of reliability, principally the three February

courses have to be used. The January course canlb6used:,iri part

(approximatelyLup to the ihterse6tionwith the quator); 'The-two

December courses'cah then give inf6rmationonicloud height.

Altitudes, calculated from the equiValent widths measured

along the Mars-3 course, are presented in Figs. 10-15. They are

given in dotted lines, in those cases when the atmosphere above

the course was dusty, and the measurement results may be spoiled

by scattering in the atmosphere. The distribution of brightness

of the reflected solar radiation along the courses, measured at

the 1.4p/m wavelength (H20 photometer, Mars-3, see [21-23]), also
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are shown in these figures. The presence of photometric measure-

ments on the same course permits investigation of the question of

a possible correlation between surface albedo and altitude.

The scale height was assumed to be constant and equal to /11

10 km. The 6.1 mb pressure level, corresponding to the triple-

point of water, was selected as the initial level for altitude

readings. This choice of the zero altitude level for Mars was pro-

posed by Bart [16], and it recently has become generally accepted.

For comparison, data on altitudes obtained by ground radar

measurements (in places where the radar profile intersects our

courses), as well as altitudes, determined in the Mariner-9 radi@'

occultation experiment (in cases, when the occultation points were

located sufficiently close or sufficiently confident interpreta-

tions could be made), are plotted on the same graphs.

In addition, our courses were plotted on hypsometric charts,

produced from ground observations [10], from the ultraviolet optical

thickness of the atmosphere (Mariner-9, [17]) and from measurements

in the 15mm CO 2 band (Mariner-9, [13]). The profiles obtained as

a result of this superposition also are given in Figs. 10-15. They

all are significantly smoother than our measured profiles. The

reason for the difference most likely is the circumstance that hyp-

sometric charts were compiled with much averaging (5-100).

The radio ,occultation altitudes used for comparison were de-

termined from the value of the pressure at the occultation point,

i.e., they can be compared directly with our results. The matter

is more complicated with the radar profiles. In the original pub-

lications, they are not tied to a definite pressure level and,

moreover, such a zero point may differ on different parts of the

planet, because of deviations from spherical of the shape of the

equipotential surface. The radar profiles which we used are pre-

sented in Fig. 16. The altitude at longitude 300 was provisionally

adopted as the zero level. .',Asphericity of the equipotential sur-

face was not taken into account.
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We initially consider the information 4btained sunder con- /12

ditions of a dust-free atmosphere. We begin with the 9 January

course (Fig. 10). It travels initially in the southern latitudes,

and it then turns to the northeast. The altitudes experience con-

siderable fluctuation, but, on the average, they decrease along

the course. The terrestrial and Mariner profiles confirm this gen-

eral tendency. An altitude of 6-7 km is observed in Mare Australe,

and it fluctuates between 0 and 3 km in Mare Erythraeum and Mar-

garitifer Sinus. The lowest regions on the course are the bright

Argyre and dark Margaritifer Sinus regions. A definite correspon-

dence between altitude and brightness is noticable in a number of

cases. The dark region between Mare Australe and Argyre is, for

example, higher than its surroundings. At the northern end of the

course, our profile goes much higher than all the remaining data;

the measurements evidently .-are spoiled by the dust cloud resi-

dues, here.

The 3 February course (Fig. 11) is the shortest one, and the

measurements were interrupted at the eighth minute for technical

reasons. In the existing section, passing through Hersonesus,

Eridanis and the southern edge of Mare Cimmerium, the altitudes

are quite high, 3-4 km.

The 16 February course intersects interesting regions (Fig.

12): the loiaid region of Hellas, the severely broken and quite

high (up to 4 km) Syrtis Major, the northern hemisphere with its

characteristic general subsidence. It is interesting that there

are systematic differences in altitude here, between all measure-

ments from orbital spacecraft, on the one hand, and ground (radar

and spectroscopic), on the other. The first give 3-4 km lower al-

titudes than the second. in the zone of the equatorial seas (Syrtis

Major).

On the other hand, all data on the 28 February course (Fig.

13).(with the exception of the 1967 radar points) generally agree

satisfactorily, although there are divergences on the order f' 1 km.

The altitudes increase at'the southern'and northern7 endslof -the course
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(to approximately 4 km), and they decrease to zero and even nega- /13

tive values in the equatorial region.

The root mean error in determination of altitudes, calculated

by the method described above, fluctuates about the value of ±1 km.

Smaller errors correspondotddlower heightsoo the average.

4. Which AreHHigher: Dark or Light Regions?

The question of relative altitudes of the dark and light re-

gions is the subject of long discussions. The point of view in-

initially propagated was that the seas are lower than the conti-

nents, since they are warmer. However, this argument is highly

unconvincing, since the differences in temperature can be entirely

explained by differences in albedo, and they give no information on

altitude. Sagan, Pollack and Goldstein [25], on the basis of analy-

sis of radar reflection coefficients, reached the opposite conclu-

sion: the seas,aas a rule, are higher than the continents. Direct

information on the altitudes on Mars, which began to come in ap-

proximately seven years later, generally did not confirm either of

these hypotheses; it showed that the seas can be high and low re-

gions. The Mariner photos disclosed that the seas and continents

frequently do not differ in topographic or geologic structure.

It should be noted, however, that a detailed comparison of

the tppography and photometry was ,impossible until recently, for

a reason. which was very convincing at first glance: there were

no photometric data of the necessary accuracy. Modern radar pro-

files of Mars cannot be compared with the photometric ones, simply

because there are no photometric measurments of comparable accuracy

and spatial resolution. Mars-3 in essence first carried out simul-

taneous determinations of altitude and precise photometry on iden-

tical sections of the planet.

A qualitative comparison of the altitude profiles and the /14

photometric profiles leads to the following conclusions: at large

scale (on the order of thousands of kilometers), the dark regions
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may be high or low, with approximately equal probabilities, and the

same can be said of the light ones. However on scales of hundreds

of kilometers, the darker regions frequently turn out to be higher

than nearby light ones.

In Figs. 17 and 18, altitudes are plotted on the abscissa and

the relative brightness factors on the ordinate

where B is the brightness, ul is the cosine of the angle of inci-

dence; its values for the Mars-3 courses are given in work [21].

Points in the equatorial sea regions and the high-latitude conti-

nental ones are marked separately. The statistical dependence of

the relative brightness factor on altitude, for the 16 and 28 Feb-

ruary sessions, are presented in Table 1. This dependence quanti-

tatively characterizes-the tendency of the darker regions to be

higher. Average altitudes along each course are given there. The

average altitude of two sessions is 1.2 km, and the pressure, 5.3

mb. However, it should be noted that our pressure system is not

absolute. It depends on a choice of coefficient c in formula (8).

The value c = 0.56,which we used, was selected, so that equivalent

width of the 2.05#m band, obtained from ground spectroscopic ob- /15
-l

servations of the entire of the entire disk of Mars (22.5 cm -

according to [20]), gave an average pressure over the planet of

6 mb.

Table 1

Average -,:Dependence of Relative

Course altitude, Brightness Factor R on

.km Altitude Z

6a,2.71/ 0os o 0059 (ki0009 .- 0014 (10 .0

8 2 72/~ 63 d Lo1 (20.00)- 0.013 (0OL?3

/x between points p = -290 , X = 3010 and
P = +200, X = 2650 .

/xx beginning at point = -360, X= 390 to
the end of the course.
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5. How High Does the Dust Rise During a Dust Storm?

The results of altitude determination on the 15 and 27 Decem-

ber courses, when the dust storm still had not ended, are presented

in Figs. 14 and 15. Basically, the altitude estimates for these

dates turned out to be significantly higher than the measurements

of other authors give. Of course, this is explained by the fact

that the solar radiation is not scattered by the surface, but by

the dust clouds. The difference between the altitudes measured in

this case and in other experiments determines a certain effective

altitude at which reflection takes place. This effective altitude

will equal the height of the upper boundaries of the clouds, if

they are sufficiently dense and if multiple scattering can be dis-

regarded. The effective cloud height in the equatorial regions

reaches 10 km on the 27 December course.

However, a decrease in equivalent width close to the termina-

tor in the 15 and 27 December sessions indicates a large role for

multiple scattering. We are attempting to estimate this effect on

tthe estimate of the position of the upper boundaries of the clouds.

In reflections from clouds, a part of the radiation path passes

through the atmosphere above the clouds, relatively free of aero-

sols, and another part within the clouds. We will consider the sim-

rplest model, in which the cloud layer is assumed to be uniform in

optical properties, bounded from above by a plane surface and semi-

infinite. Fig. 19 illustrates the geometry of propagation of ra-

diation in such a medium. If absorption in the purely gaseous at-

mosphere beneath the clouds is disregarded, the.equivalent width of

the isolated saturated linercandbeiexpressed bypthespdrametlersnof

the scaftet(ngcmedinan dehe:sura 1(againgewaas;tumew100%sCO).) /16

in the following manner:

W P / 6 (11)

where a is the single scattering albedo, recalculated by means of

the similarity relationship to a .spherical scattering indicatrix,

13



a is the bulk scattering coefficient, and f and no are auxiliary

functions of albedo and the angles. Formula (11) is a somewhat

transformed expression for the equivalent line width in a semi-

infinite atmosphere, with an isotropic scattering indicatrix, ob-

tained by Belton [26]. Values of f and no are tabulated in this

same work. P' is the effective pressure inside the cloud layer,

P'= .PC (12)

where Pc is the pressure at the upper boundary of the cloud layer,

and b > 1.

If the line is formed in the atmosphere above the clouds (which

is possible at sufficiently high values of a and at a < 1), its

'equivalent width is determined by formula (1), at Pe = 1/2 Pc . If

absorption in the cloud layer and above it are comparable in mag-

nitude, a

1 -=.Y . .2H'I+ -g26 2 J I(13)

This expression, derived for a semi-infinite scattering medium,

can be used in a somewhat rough approximation, in the case of fin-

ite optical thickness. Then,

. (14)

where Z is the geometric thickness of the scattering layer. We-

will assume that the lower boundary of the dust layer coincides

with the surface and that Z is the altitude of its upper boundary.

We have from (13) and (14)

. .. e -f . . .. 273) (15)



where Wo is the equivalent line width in a purely gaseous atmosphere.

The quantities in parentheses are a correction, due to multiple /17

scattering. We assume 7 = 1.5, according to 211, a = 0.98, no =
0

8, f2 = 0.4, M = 3. At Z = H and b = 2, this correction increases

W by 45%, which corresponds to a 4 km change in altitude. In this

manner, taking mm1tiple scattering into consideration can increase

the height of the hpper boundary of the dust clouds by a factor of

approximately 1.5.

Close estimates of the cloud layer altitude, averaged over the

disk of the planet, were obtained during the dust storm, as a re-

sult of ground measurements of equivalent width of the CO 2 band;

true, it was at somewhat earlier stages of it E27,28].

The temperature profile of the atmosphere during the dust

storm period, found from Mariner-9 radiloccultation measurements,

independently indicates the great altitude of the clouds, absorbing

solar radiation, and increasing heat fluxes into the atmosphere

[6].

6. Concludions

The principal results of the work can be formulated in the

following manner:-,

1. The alt~itude difference between the highest and lowest re-

gions on the Mars-3 measurement courses reaches 8 km;

2. There is a correlation between the albedo and altitude,

at scales on the order of several hundred kilometers:

dark regions, on the average, are higher than light ones

located in the vicinity;

3. The upper boundary of the clouds during the dust storm

period reached 10-15 km in individual regions.

In conclusion, the authors must thank A. M. Kasatkin, M. Kh.

Akhmadeyev, V. G. Budkevich, V. D. Davydov, Z. V. Ivanova, E. N.

Luchnikova, Yu. A. Malyugin, L. F. Obukhova, G. N. Petrov, N. V. /18

Temnaya, G. V. Tomasheva, K. A. Tsoy , V. B. Yafayeva and the rest
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of the people who cooperated in performing this work at various

stages of it.
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Fig. 1. Carbon dioxide absorption spectrum in 1.92-2.30am
region. Pressure 1.1 atm, optical path length 2.7 m.
Absorption band intensity close to that measured in Mars
spectrum. Spectral characteristics of filters used for
CO 2 altimetry on Mars-3 are given here.
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Fig. 2. Optical diagram of CO2 photometer.4
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3 February 1972 measurements.
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iFig. 7. Same as in Fig. 4 from
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Fig. 17. Correlation between altitudes and
brightness factors on 16 February course.
Altitudes on abscissa, relative brightness
factors on ordinate. Lower group of points
concern band of dark regions, upper group,
Tidght. regions in southern and northern parts
of course. Points used in calculation of
statistical R vs. Z are marked by crosses
(see Table 1).
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upper right concern the southern
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Fig. 19. Schematic illustration of
geometry of propagation of radia-
tion in scattering medium.
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